Introduction
============

Nanocomposites are materials consisting of different phases, in which one of the phases has at least one dimension at the nanometer scale.[@b1-ijn-7-3351] Layered double hydroxides (LDH) (LDH − M~1−x~^2+^ M~x~^3+^ (OH)~2~ (A *^m^*^−^)*~x/m~* · *n*H~2~O) and layered hydroxide salts (LHS) (LHS − M^2+^ (OH)~2−~*~x~* (A*^m^*^−^)*~x~*~/~*~m~* · *n*H~2~O) are layered crystalline materials with unique properties, due to their easily exchangeable interlayer anionic species. The LDH and LHS layers are positively charged and derived from brucite, a magnesium hydroxide structure. Brucite layers are formed by centering magnesium ions, with two positive charges, between six octahedrally placed hydroxide groups. Each hydroxide is coordinated with three magnesium atoms.

Zinc-layered hydroxide (ZLH) is a layered hydroxide salt in which the zinc atoms are octahedrally coordinated with six hydroxide groups to give an empirical formula of Zn~2~ (OH)~2~ (NO~3~)~2~ · 2H~2~O, where the nitrate groups are coordinated directly with the zinc.[@b2-ijn-7-3351] For the zinc hydroxide nitrate, with the empirical formula Zn~5~ (OH)~8~ (NO~3~)~2~ · 2H~2~O, and for the anhydrous form Zn~5~ (OH)~8~ (NO~3~)~2~, one quarter of the zinc atoms are located in tetrahedral sites above and below each empty octahedron and three of the vertices of the tetrahedron are occupied by a hydroxide ion shared with the octahedral sheet. The apex of the tetrahedron in the Zn~5~ (OH)~8~ (NO~3~)~2~ · 2H~2~O structure is occupied by water and the nitrate ions are located between the layers surrounded by water molecules.[@b3-ijn-7-3351] In the Zn~5~ (OH)~8~ (NO~3~)~2~ structure, the apex is occupied by nitrate ions and coordinates directly with the zinc tetrahedron.[@b2-ijn-7-3351]

These materials can act as host matrices for the intercalation of organic drugs and bioactive compounds for the formation of so-called nanocomposites. In addition, layered nanocomposite materials usually show high biocompatibility, few adverse reactions, and have good half-lives, which subsequently decrease drug side effects and improve the solubility of drugs with controlled-release capability.[@b4-ijn-7-3351]

The size and shape of nanocomposites are very important, especially for biomedical applications. It has been reported that a nanocomposite with a size of 100--200 nm is suitable for use as a drug delivery vector.[@b5-ijn-7-3351] However, a nanocomposite that is too small cannot reach the ideal state because of its high surface activity and small drug-loading capacity.[@b6-ijn-7-3351] Layered nanocomposites can be used directly for cellular delivery without further modification to improve cellular uptake of biomolecules and drugs.[@b7-ijn-7-3351] As the cellular internalization of drugs with a negative charge is inhibited because of the negative charge of cell walls, the intercalation of drugs into the interlayer of the host will neutralize the surface charge of anionic drugs due to the cationic charge of the layer, which leads to favorable endocytosis of cells, and results in enhanced transfer efficiency.[@b8-ijn-7-3351] Previous work has shown that the efficacy of doxorubicin toward tumor cells was increased after the drug was intercalated into LDH compared with its free counterpart.[@b9-ijn-7-3351]

Various compounds, such as gallic acid,[@b10-ijn-7-3351] ellagic acid,[@b4-ijn-7-3351] hippuric acid,[@b11-ijn-7-3351] linoleic acid,[@b12-ijn-7-3351] 2- and 4- amino benzoic acid[@b13-ijn-7-3351] and various pharmaceutical, cosmeceutical, and nutraceutical compounds,[@b14-ijn-7-3351] have been intercalated into ZLH. This intercalation can occur via various routes, such as the hydrolysis of urea in the presence of zinc nitrate solution,[@b3-ijn-7-3351] the hydrolysis of metal salts in the presence of metal oxide,[@b15-ijn-7-3351] precipitation using alkaline solutions,[@b16-ijn-7-3351] and solid state reactions.[@b17-ijn-7-3351]

Histamine is a normal constituent of mammalian tissue,[@b18-ijn-7-3351] synthesized by the decarboxylation of histidine, and stored in tissue mast cells and basophilic granulocytes in the blood. Release occurs in response to tissue injury or allergic reactions. [@b18-ijn-7-3351] H1, H2, and H3 are histamine receptors. Cetirizine dihydrochloride ({2-\[4-\[(4-chlorophenyl)-phenylmethyl\]-1-piperazinyl\] ethoxy} acetic acid), which is one of the second-generation antihistamines, displaces histamine from the H1 receptor. This leads to the formation of inositol 1, 4, 5-tris phosphate and a release of stored Ca^+2^. In addition to cetirizine, zinc can also prevent this activity and lead to a decrease in Ca^+2^ inside the cell.[@b19-ijn-7-3351],[@b20-ijn-7-3351]

In the present work, we have selected cetirizine as a model drug to be intercalated into ZLH using zinc oxide as the starting material. We focused our work on the structure, as well as the thermal and controlled-release properties of the as-synthesized drug-ZLH nanocomposite, with the intention of using this nanocomposite for controlled-release antihistamine delivery. The effect of the cetirizine nanocomposite (CETN) and ZLH on histamine release from rat basophilic leukemia (RBL-2H3) cells will also be studied.

Materials and method
====================

Materials
---------

Cetirizine hydrochloric acid (CET) (C~21~H~25~ClN~2~O~3~ · 2HCl, molecular weight 461.5) was purchased from Upha Pharmaceutical Manufacturing (Selangor, Malaysia) with 99.9% purity and used as received. Zinc oxide (reagent grade), purchased from Fisher Scientific (Waltham, MA), sodium hydroxide (NaOH), phosphate buffer solutions, and Trypan blue purchased from Sigma-Aldrich (St Louis, MO), and deionized water were used in all experiments.

Preparation of CETN
-------------------

CETN was synthesized directly from zinc oxide as the starting material, using methods similar to those previously described.[@b11-ijn-7-3351],[@b21-ijn-7-3351] Cetirizine solution (0.04 mol/L) was prepared by dissolving 1.8 g cetirizine in 100 mL of water. Zinc oxide powder (0.2 g) was suspended in 50 mL of water. Cetirizine solution was added dropwise to the zinc oxide suspension with vigorous stirring; after the addition was complete, the solution became clear. This was followed by the addition of NaOH (0.125 mol/L) until the pH reached 7.9. The resulting slurry was aged at 70°C for 18 hours, then centrifuged and washed with deionized water, dried in an oven at 60°C, and kept in a sample bottle for further use and characterization.

Characterization
----------------

Powder X-ray diffraction patterns were recorded with a Shimadzu XRD-6000 (Shimadzu Corporation, Kyoto, Japan) instrument in the range of 2--60° using CuK~α~ radiation (λ = 1.5418 Å) at 30 kV and 30 mA, with a dwell time of 0.5°/min. Fourier transform infrared (FTIR) spectra of the materials were recorded over the range of 400--4000 cm^−1^ on a Thermo Nicolet Nexus, Smart Orbit spectrometer using a sample of approximately 1% in 200 mg of spectroscopic grade KBr, with 10 tons of pressure. The elemental analysis (carbon, hydrogen, and nitrogen) in the cetirizine and its nanocomposite was obtained with a CHNS-932 from LECO Instruments (St Joseph, MI). The percentage of zinc in the nanocomposite was obtained using atomic absorption spectroscopy, performed on a Thermo Elemental Model S4 (Thermo Scientific, Walthm, MA) instrument. Thermal degradation studies (thermogravimetric and differential thermogravimetric analyses \[TGA/DTG\]) were performed using a Metter-Toledo 851e instrument (Switzerland) with a heating rate of 10°C/min, in the range of 20°C--1000°C, under a nitrogen atmosphere (N~2~ flow rate 50 mL/min). Surface study of the materials was carried out using a nitrogen gas adsorption--desorption technique at 77 K with a Micromeritics ASAP2000 (Norcross, GA). The sample was degassed in an evacuated-heated chamber at 105°C for 6 hours. The surface morphologies of the samples were observed using a NOVA™ NanoSEM 230 (FEI, Hillsboro, OR) scanning electron microscope. UV-Vis spectra were measured to determine the optical properties and a controlled release study, using an ultraviolet-visible spectrophotometer (Perkin Elmer. Waltham, MA).

Loading and release amounts of cetirizine in CETN
-------------------------------------------------

The loading amount of cetirizine in the CETN was determined using a Perkin-Elmer Lambda 35 UV-visible spectrophotometer. A known weight of CETN was placed in a 10 mL volumetric flask, and 0.5 mL of 1 mol/L HCl solution was added. The concentration of cetirizine in the solution was determined at 231 nm using the standard curve of a series of standard solutions of known cetirizine concentration.

The release of cetirizine from CETN into the medium of phosphate buffer solution at pH 7.4 and pH 4.8[@b22-ijn-7-3351]--[@b24-ijn-7-3351] was achieved by adding about 85 mg of CETN into 250 mL buffer solutions. The accumulated amount of cetirizine released into the solutions was measured at different times using a UV-visible spectrophotometer at 231 nm. To compare the release rate of cetirizine from CETN with that from the physical mixture of cetirizine and pristine ZLH (ZLH was prepared for this purpose),[@b16-ijn-7-3351] the same cetirizine-release experiments were performed with 0.6 mg of the physical mixture containing cetirizine (0.3 mg) and the pristine ZLH (0.3 mg).

Cytotoxicity assay
------------------

In a typical cytotoxicity assay, Chang cells line were first seeded into six-well plates when they reached 90% confluence and allowed to incubate overnight at 37°C in a 5% CO~2~ atmosphere. After incubation for 24 hours for cell attachment, the medium was removed and replaced with 3 mL of the fresh growth medium containing different amounts of ZLH and CETN nanomaterials, from 7.8 to 1000 μg/mL. A control experiment was performed without treatment under the same conditions. The plates were incubated at 37°C, in 5% CO~2~, for 24 hours. After incubation, the media was aspirated off and the cells were harvested by centrifugation then washed with cold phosphate buffered saline. 10 μL of cells was mixed with equal volume of 0.4% trypan blue and was counted using Neubauer hemocytometer (Weber, England) by clear field microscopy (Nikon, Japan). Only viable cells were counted. Each compound and control was assayed in triplicate.

Cell culture conditions and anti immunoglobulin (Ig) E-induced histamine release
--------------------------------------------------------------------------------

RBL-2H3 cells were obtained from the American Type Tissue Collection (Rockville, MD). These cells were grown in Dulbecco's modified Eagle's medium, which was supplemented with 10% fetal bovine serum. The media contained penicillin (100 U/mL) and streptomycin (100 μg/mL). Cells were grown at 37°C in a humidified 5% CO~2~ incubator.

For the determination of histamine release, the RBL- 2H3 cells were plated at 1 × 10^6^ cells/well by adding 0.5 mL of a 2 × 10^6^ cells/mL suspension to each well of a 24-well tissue culture plate and incubated for 18 hours to assure attachment and 90% confluence. After the media was aspirated away, IgE (0.2 μg/mL; MP Biomedicals, Illkirch, France) was added to the Dulbecco's modified Eagle's medium. Cells were incubated at 37°C for 1 hour. Subsequently, each well was washed with release buffer (1 mM CaCl~2~, 40 mM NaOH, 0.1% BSA, 119 mM NaCl, 5 mM KCl, 5.6 mM glucose, 25 mM piperazine-N, N-bis (2-ethanesulfonic acid) (PIPES), and 0.4 mM MgCl~2~). Release buffer containing anti-IgE (1.25 μg/mL) and different concentrations of cetirizine, CETN, and ZLH were then added to each well and the cells were incubated at 37°C for 10 minutes. The amount of released histamine was determined using a histamine Radio immuno assay (RIA) kit (MP Biomedicals, Illkirch, France).

Results and discussion
======================

Powder X-ray diffraction and structural model
---------------------------------------------

[Figure 1](#f1-ijn-7-3351){ref-type="fig"} illustrates the powder X-ray diffraction patterns of (A) zinc oxide, (B) CETN, and (C) cetirizine. For the pure zinc oxide sample, five intense peaks between 30° and 60° can be observed, which correspond to diffractions due to the 100, 002, 101, 102, and 110 planes. The intercalation process was undertaken by mixing an aqueous solution of cetirizine anions with the starting material, zinc oxide. The intercalation occurred when the zinc oxide was transformed to ZLH and cetirizine was intercalated between the layers. This can be observed by the disappearance of the reflections of the zinc oxide phase and a simultaneous sharp intense peak at a low 2θ angle, with d spacing of 33.9 Å (an average of eight harmonics). This indicates successful intercalation of cetirizine into the interlayers of ZLH ([Figure 1B](#f1-ijn-7-3351){ref-type="fig"}). In addition, [Figure 1B](#f1-ijn-7-3351){ref-type="fig"} shows another seven harmonics at 2θ = 5.16°, 7.75°, 10.38°, 13.01°, 15.79°, 18,36°, and 21.04° with d values of 17.1, 11.4, 8.5, 6.80, 5.60, 4.8 Å and 4.2 Å, respectively, resulting in an average d value of 33.9 Å. The peaks at 2θ = 32.98° and 58.77° with d values of 2.7 and 1.57 Å are related to the 021 and 040 planes, respectively.[@b25-ijn-7-3351] The formation of CETN synthesized by direct reaction of zinc oxide in an aqueous environment is believed to occur through a dissociation--deposition mechanism.[@b21-ijn-7-3351],[@b26-ijn-7-3351]

[Figure 2](#f2-ijn-7-3351){ref-type="fig"} shows the three ionizable forms of cetirizine: a strong acidic group with pK~2~ = 2.9, a strong basic group with pK~3~ = 8.0, and a very weakly basic group with pK~1~ = 2.2.[@b27-ijn-7-3351] [Figure 2A](#f2-ijn-7-3351){ref-type="fig"} is the neutral form of cetirizine, which is absent in any pH medium. The anionic form of cetirizine ([Figure 2B](#f2-ijn-7-3351){ref-type="fig"}) is present in media at pH 10. At pH 7.9--8.0, cetirizine is found in anionic (2B) and zwitterion forms (2C) in equal amounts.[@b27-ijn-7-3351] The pH used in this work was 7.9; therefore, the structural model for cetirizine was thought to be the anionic and zwitterion forms. Using ChemOffice software 2008 (Cambridge, MA), the long and short axes, and the molecular thickness of cetirizine were calculated to be 16.2, 8.5, and 11.8 Å, respectively, for the anionic form, and 16.2, 8.0, and 11.8 Å, respectively, for the zwitterion form. The dimensional difference between the two forms is only in the short axis. Using the average basal spacing of 33.9 Å for cetirizine, observed by X-ray diffraction, and subtracting the thickness of the brucite layer (4.8 Å) and 2.6 Å for each zinc tetrahedron,[@b3-ijn-7-3351] the gallery height was calculated to be 23.9 Å, which is nearly twice the thickness of cetirizine. Therefore, it is proposed that cetirizine molecules are arranged in a bilayer, as shown in [Figure 2D](#f2-ijn-7-3351){ref-type="fig"}.

FITR spectroscopy
-----------------

FTIR spectra of pure cetirizine and CETN are shown in [Figure 3](#f3-ijn-7-3351){ref-type="fig"} and the absorption bands are listed in [Table 1](#t1-ijn-7-3351){ref-type="table"}. [Figure 3A](#f3-ijn-7-3351){ref-type="fig"} shows the spectrum for cetirizine. There are three different bands for the OH group: stretching vibration at 3432 cm^−1^, dimmer at 2379--2628 cm^−1^, and OH bending between 1284 and 1242 cm^−1^.[@b29-ijn-7-3351] A band due to C-H stretching of the aromatic ring was recorded at 3044--3023 cm^−1^. Bands at 2984--2949 cm^−1^ are attributed to CH~2~ stretching. A strong band at 1740 cm^−1^ is attributed to the stretching of the C=O group of the carboxylic group. Bands between 1435 and 1319 cm^−1^ are attributed to the C--O carboxylic bond. A stretching of the C--Cl bond appeared at 1457 cm^−1^. Monosubstitution on the benzene ring gives three different absorption bands, 1496, 1077, and 758 cm^−1^. Substitution at the para position on the benzene ring gives a band at 1602 cm^−1^. A band at 1185 cm^−1^ is due to the CH~2~ CH~2~OCH~2~ bending. Two adjacent benzene rings give bands at 846--809 cm^−1^.

[Figure 3B](#f3-ijn-7-3351){ref-type="fig"} indicates that some characteristic absorption peaks of pure cetirizine at 1601, 1453, 1130, 853, 804, 758, and 719 cm^−1^ are slightly shifted due to the interaction between the cetirizine and the positively charged inorganichost interlayers ([Table 1](#t1-ijn-7-3351){ref-type="table"}). This shift indicates the presence of cetirizine anions between the layers of ZLH. The FTIR spectrum of the nanocomposite is thus slightly different from that of pure cetirizine. The characteristic C=O stretching vibration of the carboxylic group at 1740 cm^−1^ has vanished in the nanocomposite. This result indicates that cetirizine in the nanocomposite interlayer takes the form that has a negatively charged oxygen ([Figure 2B](#f2-ijn-7-3351){ref-type="fig"}). The intense peaks at 1601 cm^−1^ and 1408 cm^−1^ are due to asymmetric and symmetric stretching of the COO− group, respectively.[@b30-ijn-7-3351],[@b31-ijn-7-3351] A band at 700 cm^−1^ can be attributed to OH bending within the layers. Two bands at 503 and 436 cm^−1^ are attributed to the Zn--OH and Zn--O lattice vibrations.[@b25-ijn-7-3351]

Thermal study
-------------

The thermogravimetric and differential thermogravimetric analyses obtained for cetirizine and CETN are shown in [Figure 4](#f4-ijn-7-3351){ref-type="fig"}. The greatest weight loss for cetirizine ([Figure 4A](#f4-ijn-7-3351){ref-type="fig"}) occurred between 159°C and 435°C with a total weight loss of 90.6%. There was a very small weight loss from 159°C to 210°C, due to the evolution of hydrochloric acid.[@b29-ijn-7-3351] Weight loss stopped at 800°C due to the vaporization of the remaining cetirizine material.

[Figure 4B](#f4-ijn-7-3351){ref-type="fig"} shows three weight losses for CETN with temperature maxima at 66°C, 153°C, and 354°C, corresponding to weight losses of 3.6%, 6.0%, and 49.3%, respectively. The first weight loss was due to the removal of surface-physisorbed water molecules. The second weight loss in the range of 123°C--205°C was due to the removal of water molecules from the intercalated structure.[@b32-ijn-7-3351] The third weight loss was due to dehydroxylation of the layers together with the decomposition of cetirizine, yielding zinc oxide as a residue. [@b33-ijn-7-3351] Increasing the decomposition of cetirizine from 159°C (for free cetirizine) to 219°C (for cetirizine intercalated into the nanocomposite) indicates the greater thermal stability of cetirizine in CETN than as the unbound compound. The third weight loss, shown in [Figure 4B](#f4-ijn-7-3351){ref-type="fig"}, is in agreement with the elemental analysis result ([Table 2](#t2-ijn-7-3351){ref-type="table"}), which shows that the loading percentage of cetirizine in the nanocomposite is 49.4% and CETN contains 32.1% carbon, 4.1% hydrogen, and 3.5% nitrogen.

Surface characterization
------------------------

[Figure 5A](#f5-ijn-7-3351){ref-type="fig"} shows the adsorption--desorption isotherms for zinc oxide and CETN. According to the International Union of Pure and Applied Chemistry classification for the types of adsorption--desorption isotherms, zinc oxide and CETN are Type IV, mesoporous materials ([Figure 5A](#f5-ijn-7-3351){ref-type="fig"}). The N~2~ adsorbate uptake for zinc oxide is slow in the relative pressure range of 0.0--0.8. After that, the adsorption increases rapidly to reach an optimum uptake of about 8 cm^3^/g, which is a low uptake of nitrogen gas. Similarly, CETN also shows a Type IV isotherm. The adsorption increases slowly at low relative pressure in the range of 0.0--0.7, followed by rapid uptake of the adsorbate at a relative pressure \> 0.7, and reaches an optimum of 460 cm^3^/g. The desorption branch of the hysteresis loop for CETN is much broader compared with zinc oxide due to differences in the texture of the latter. [Table 2](#t2-ijn-7-3351){ref-type="table"} shows the surface area of the materials as determined by the Brunauer, Emmett, and Teller (BET) method. Due to a decrease in the pore size and an increase in the pore volume, the surface area increased from 6 m^2^/g for zinc oxide to 24 m^2^/g for CETN. This also indicates a change in the pore texture because of the formation of the CETN compound.

[Figure 5B](#f5-ijn-7-3351){ref-type="fig"} shows plots of the Barrett--Joyner--Halenda (BJH) desorption pore-size distribution for zinc oxide and CETN. As shown in the figure, zinc oxide gives a single-peak pore-size distribution centered at around 33 Å, while the pore size distribution for CETN is centered at 140 Å. [Table 2](#t2-ijn-7-3351){ref-type="table"} shows the average pore diameter and pore volume determined by BJH. The BJH average pore diameter decreased from 111 for zinc oxide to 96 Å for CETN, respectively. The BJH desorption pore volume increased from 0.01 cm^3^/g for zinc oxide to 0.71 cm^3^/g for CETN.

The surface morphology of zinc oxide and CETN are shown in [Figure 6](#f6-ijn-7-3351){ref-type="fig"}. The micrographs were obtained using a field emission NOVA™ NanoSEM 230 (FEI, Hillsboro, OR) scanning electron microscope, at (A and C) 25,000× and (B and D) 50,000× magnifications. Zinc oxide shows various sizes and has a nonuniform granular structure without any specific shape (A and B). Formation of CETN resulted in a morphology change to agglomerates of compact and nonporous granular structure (C and D).

Release behavior of cetirizine
------------------------------

To study the release behavior of cetirizine from CETN and its physical mixture, the samples were individually dispersed in phosphate buffer solutions at pH 7.4 and 4.8. Absorbance was recorded at different time intervals. The release curve for the physical mixture of cetirizine and pristine ZLH in buffer solutions at pH 7.4 and 4.8 are shown in [Figure 7C and D](#f7-ijn-7-3351){ref-type="fig"}, respectively. These figures show that cetirizine is rapidly released from the physical mixture and release is complete within 8 minutes at pH 7.4 and 3 minutes at pH 4.8. The release rate of cetirizine from CETN ([Figure 7II (A and B)](#f7-ijn-7-3351){ref-type="fig"}) was obviously much slower than that from the physical mixture. This is attributed to the electrostatic attraction between cetirizine anions and the ZLH inorganic interlayer together with the ion-exchange property. This result indicates that CETN has potential in a controlled-release formulation of the antihistamine.

[Figure 7II (A and B)](#f7-ijn-7-3351){ref-type="fig"} show the release profiles of cetirizine from CETN into phosphate buffer solution at pH 7.4 and 4.8. The release rates in both media were remarkably dependent on the acidity of the buffer; the total amount of cetirizine released from CETN reached 97% within about 73 hours at pH 4.8, compared with the slower release rate of cetirizine at pH 7.4, where the time taken for 96% to be released was 83 hours.

[Figure 7I (A and B)](#f7-ijn-7-3351){ref-type="fig"} show the release profiles for cetirizine into the buffer solutions for the first 5 hours at pH 7.4 and 4.8. It was found that the release is very rapid for the first 5 minutes with 15% release at pH 7.4 compared with 40% at pH 4.8. This phenomenon is presumably due to the "burst effect"[@b34-ijn-7-3351] and other mechanisms, depending on the acidity of the media. The burst effect occurs due to the high release of cetirizine anions at the first start (about 3% w/w) adsorbed on the ZLH surface, a conservative estimate from the observed pure phase powder X-ray diffraction pattern of the nanocomposite. A slower one thereafter followed the release (79% at pH 7.4 and 86% at pH 4.8 after 5 hours). The difference in the release rates at pH 4.8 and 7.4 is mostly due to the difference in release mechanism.[@b35-ijn-7-3351] At acidic pH (4.8), the release mechanism possibly follows the dissolution of ZLH interlayers and ion exchange. This is due to the fact that ZLH is not stable in acidic media and begins to dissolve. Thus, release of an interlayer molecule should occur mainly because of the removal of the inorganic host. However, at pH 7.4, the ZLH is more stable and as a result, the mechanism should be through ion exchange with the ions in the buffer solution.[@b35-ijn-7-3351] The motion of cetirizine is restricted due to the steric effect of ZLH and there is electrostatic interaction between cetirizine anions and the positively charged ZLH interlayers. Release profiles for cetirizine from CETN ([Figure 7I](#f7-ijn-7-3351){ref-type="fig"}) show results similar to those of other drugs, such as 5-flurouracil, camptothecin, naproxen, l-Dopa, and 5-florocytosine, found in the literature.[@b22-ijn-7-3351],[@b24-ijn-7-3351],[@b35-ijn-7-3351]--[@b38-ijn-7-3351]

Release kinetics of cetirizine from CETN
----------------------------------------

In order to better understand the mechanism of the release of cetirizine from CETN, the results of the kinetic studies were analyzed using pseudo-first order ([Equation 1](#FD1){ref-type="disp-formula"}),[@b39-ijn-7-3351] pseudo-second order ([Equation 2](#FD2){ref-type="disp-formula"}),[@b40-ijn-7-3351] and parabolic diffusion ([Equation 3](#FD3){ref-type="disp-formula"})[@b41-ijn-7-3351] equations:
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where M~o~ and M~t~ are the drug content remaining in the ZLH at release times 0 and t, respectively; q~e~ and q~t~ are the equilibrium release amount and the release amount at any time t, respectively; and k is the corresponding release-rate constant.

For the three kinetic models, the results of fitting the experimental data to various kinetic models are given in [Figure 8](#f8-ijn-7-3351){ref-type="fig"} and [Table 3](#t3-ijn-7-3351){ref-type="table"}. It was found that the pseudo-second order model gives a better fit for the kinetics of the release of cetirizine from CETN; this result is similar to the kinetic study for the release of camptothecin from another layered double hydroxide.[@b39-ijn-7-3351] At pH 4.8 ([Figure 8E](#f8-ijn-7-3351){ref-type="fig"}), the correlation coefficient (R^2^) and k~2~ values are 0.9994 and 0.008 g/mg · h, respectively, compared with 0.9967 and 0.003 g/mg · h, respectively, for pH 7.4 ([Figure 8B](#f8-ijn-7-3351){ref-type="fig"}).

Cytotoxicity of ZLH and CETN nanomaterials
------------------------------------------

To investigate the cytotoxicity effect of ZLH and CETN nanomaterials toward Chang cells line, we used the Trypan Blue exclusion assay at various nanomaterial concentrations: 7.81, 15.63, 31.25, 62.5, 125, 250, 500, and 1000 μg/mL. The results are shown in [Figure 9](#f9-ijn-7-3351){ref-type="fig"} and [Table 4](#t4-ijn-7-3351){ref-type="table"}. In [Table 4](#t4-ijn-7-3351){ref-type="table"}, it can be seen that the CETNs at concentrations of 500--1000 μg/mL cause some cells death with the IC~50~ 617 μg/mL value, whereas the ZLH shows cytotoxicity with IC~50~ 670 μg/mL.

Effect of cetirizine, CETN, and ZLH on histamine release from RBL-2H3 cells
---------------------------------------------------------------------------

Increased histamine secretion may be responsible for several clinical symptoms, such as diarrhea, abdominal pain, and cramping.[@b42-ijn-7-3351] The antihistamine activities of cetirizine, CETN, and ZLH were evaluated by determining their inhibitory potencies of histamine release in RBL-2H3 cells. [Figure 10A--C](#f10-ijn-7-3351){ref-type="fig"} illustrates the percentage of histamine release in RBL-2H3 cells when treated with cetirizine, CETN, and ZLH. As shown in [Figure 10](#f10-ijn-7-3351){ref-type="fig"}, the effect of the components on histamine release from RBL-2H3 cells was increased as the concentration of the components decreased. However, release of histamine from RBL-2H3 cells was more sensitive to intercalated cetirizine in CETN compared with free cetirizine. It is noteworthy that ZLH has an effect on the histamine release, in that zinc is required to store histamine. A zinc deficiency results in a release of histamines into the surrounding tissue fluids and it is believed that zinc ions prevent most or all of the histamine release by blocking calcium uptake induced by anti-IgE activation. [@b43-ijn-7-3351] The inhibition of histamine release by cetirizine and CETN is shown in [Figure 11](#f11-ijn-7-3351){ref-type="fig"}, with the values of 40.8% and 29.0% for CETN nanocomposite and cetirizine, respectively, at 62.5 ng/mL. The study also shows that after 10 minutes of incubation with CETN, 97.6 ng/mL was enough to reduce the histamine release by up to 50%, compared with 124.4 ng/mL for free cetirizine. However, ZLH at 1000 and 500 ng/mL significantly inhibited histamine release (22.5% and 16.2% inhibition, respectively). [Table 5](#t5-ijn-7-3351){ref-type="table"} shows a comparison of the effect of free cetirizine and the intercalated cetirizine toward inhibition of histamine release. The inhibition of histamine release by the intercalated cetirizine at concentrations of 15.63, 31.25, and 62.5 ng/mL was 3.7-, 2.1-, and 1.9-fold higher, respectively, than for free cetirizine. This result demonstrated that intercalated cetirizine has a higher inhibitory effect on histamine release than its counterpart, cetirizine alone. The decrease in histamine content in this work is in good agreement with the results obtained in a previous study,[@b44-ijn-7-3351] which showed that zinc oxide at relatively low concentrations inhibits in vitro histamine release.

Conclusion
==========

In this study, a new, simple, and direct method for the intercalation of anions into ZLH was realized, using zinc oxide as the starting material. The resulting nanocomposite shows long-range, nano-layered structure with high crystallinity. The basal spacing of the nanocomposite was measured as 33.9 Å from the six harmonics observed in the X-ray diffraction patterns with a 49.4% (w/w) loading of the active drug. The orientation of the anion between the interlayers is a horizontal bilayer, with interaction between the negative charge of cetirizine and the positive charge of the inorganic layers. The guest was found to be more thermally stable than its unbound counterpart. The release of cetirizine from CETN occurred in a controlled manner, with 96% released after 83 hours and 97% released after 73 hours at pH 7.4 and 4.8, respectively. The release, in all cases, was governed by pseudo-second order kinetics. The IC~50~ for CETN and ZLH were 617 and 670 μg/mL, respectively. Comparing the antihistamine activity of cetirizine and intercalated cetirizine in CETN in RBL- 2H3 cells, the results clearly show that the intercalated cetirizine in the CETN is more potent than cetirizine alone.
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![Powder X-ray diffraction patterns of (**A**) zinc oxide, (**B**) CETN, and (**C**) cetirizine.\
**Abbreviation:** CETN, cetirizine nanocomposite.](ijn-7-3351f1){#f1-ijn-7-3351}

![Structure of cetirizine at different pH (**A**--**C**) and molecular structure model of cetirizine intercalated between the interlayer of ZLH (**D**).\
**Abbreviation:** ZLH, zinc-layered hydroxide.](ijn-7-3351f2){#f2-ijn-7-3351}

![Fourier transform infrared spectra of (**A**) cetirizine and (**B**) the cetirizine nanocomposite.](ijn-7-3351f3){#f3-ijn-7-3351}

![Thermogravimetric and differential thermogravimetric analyses of (**A**) cetirizine and (**B**) the cetirizine nanocomposite.](ijn-7-3351f4){#f4-ijn-7-3351}

![Adsorption-desorption isotherms for zinc oxide and CETN (**A**) and Barret--Joyner--Halenda method pore size distribution for zinc oxide and CETN (**B**).\
**Abbreviation:** CETN, cetirizine nanocomposite.](ijn-7-3351f5){#f5-ijn-7-3351}

![Field emission scanning electron microscope image of zinc oxide (**A** and **B**) and the cetirizine nanocomposite (**C** and **D**).](ijn-7-3351f6){#f6-ijn-7-3351}

![(**I**) Release profiles of cetirizine from the cetirizine nanocomposite at pH 7.4 (**A**) and pH 4.8 (**B**) up to 5 hours; (**II**) release profiles of cetirizine up to 83 hours.\
**Note:** Inset shows the release profiles of cetirizine from its physical mixture of cetirizine with zinc layered hydroxide at pH 7.4 (**C**) and pH 4.8 (**D**).](ijn-7-3351f7){#f7-ijn-7-3351}

![Fitting of the data of cetirizine released from the cetirizine nanocomposite into various solutions to the first-, pseudo-second order kinetics and parabolic diffusion model for pH 7.4 (**A**--**C**) and pH 4.8 (**D**--**F**).](ijn-7-3351f8){#f8-ijn-7-3351}

![Trypan Blue assays of normal Chang liver cells after 24 hours of treatment with zinc-layered hydroxide (ZLH) and cetirizine nanocomposite (CETN).](ijn-7-3351f9){#f9-ijn-7-3351}

![Histamine release response of rat basophilic leukemia cells treated at different concentrations of cetirizine, cetirizine nanocomposite, and zinc-layered hydroxide.](ijn-7-3351f10){#f10-ijn-7-3351}

![Percentage inhibition of histamine release into rat basophilic leukemia cells at different concentrations of cetirizine (CET), cetirizine nanocomposite (CETN), and zinc-layered hydroxide (ZLH).](ijn-7-3351f11){#f11-ijn-7-3351}

###### 

Fourier transform infrared assignment for cetirizine and CETN[@b21-ijn-7-3351],[@b29-ijn-7-3351]

  Assignments                    Cetirizine                          CETN
  ------------------------------ ----------------------------------- --------------------------
  ν (O--H)                       3432 for O--H in carboxylic group   3424 in the layer; H~2~O
  ν (CH~ar~)                     3044--3023                          --
  ν (CH~2~)                      2984--2949                          2958--2817
  ν (OH) dimmer                  2628, 2505 and 2379                 --
  ν (NH^+^) cyclic               2217                                --
  ν (COOH)                       1740                                --
  ν (φ. parasubst)               1601                                1602
  ν (φ. monosubst)               1496, 1077 and 758                  1488
  ν (C--Cl)                      1457                                1453
  ν (C--O) in carboxylic group   1435, 1383, 1356 and 1319           --
  δ (O--H)                       1284, 1274, 1263 and 1242           --
  δ (CH~2~ CH~2~O CH~2~)         1185                                1130
  2 adj φ                        846 and 809                         853 and 804
  ν (CH monosubst)               758                                 758
  Zn--O and Zn--OH               --                                  503
  ν~as~(COO^−^)                  --                                  1602
  ν~s~(COO^−^)                   --                                  1408

**Abbreviations:** adj, adjacent; CETN, cetirizine nanocomposite; monosubst, monosubstitution; parasubst, parasubstitution.

###### 

Physico-chemical properties of zinc oxide and the cetirizine nanocomposite (CETN)

  Sample   C (%)   H (%)   N (%)   Zn (% w/w)                                       Anion (% w/w)                                                                                     BET surface area m^2^/g   BJH pore volume cm^3^/g   BJH average pore diameter Å
  -------- ------- ------- ------- ------------------------------------------------ ------------------------------------------------------------------------------------------------- ------------------------- ------------------------- -----------------------------
  ZnO      --      --      --      (80.3)                                           --                                                                                                6                         0.01                      111
  CETN     32.1    4.1     3.5     32.3[b](#tfn4-ijn-7-3351){ref-type="table-fn"}   49.4[a](#tfn3-ijn-7-3351){ref-type="table-fn"} (47.3[c](#tfn5-ijn-7-3351){ref-type="table-fn"})   24                        0.71                      96

**Notes:** Value in the parentheses is a theoretical value.

Estimated from carbon, hydrogen, nitrogen and sulfur analysis data;

estimated from atomic absorption spectroscopy analysis;

estimated from UV.

**Abbreviations:** BET, Brunauer, Emmett, and Teller method; BJH, Barrett--Joyner--Halenda method; ZnO, zinc oxide; CETN, cetirizine nanocomposites.

###### 

Correlation coefficient (R^2^), rate constant (k), and half time (t~1/2~) obtained by fitting the data of the release of cetirizine from the cetirizine nanocomposite (CETN) into phosphate buffer solution at pH 7.4 and pH 4.8

  Aqueous solution   Saturation release (%)   R^2^     Pseudo-second order                    
  ------------------ ------------------------ -------- --------------------- -------- ------- ------
  pH 7.4             96                       0.7867   0.9967                0.7555   0.003   3.80
  pH 4.8             97                       0.8277   0.9994                0.5391   0.008   1.36

###### 

Viability of normal Chang liver cells after 24 hours' treatment with zinc-layered hydroxide (ZLH) and cetirizine nanocomposite (CETN)

  Concentrations (μg/mL)   Viability (%)   
  ------------------------ --------------- -------
  0.00                     100.0           100.0
  7.81                     102.9           99.4
  15.62                    99.4            98.9
  31.25                    97.7            95.9
  62.5                     91.8            91.8
  125                      87.1            81.9
  250                      69.0            64.3
  500                      63.7            58.5
  1000                     23.4            22.2

###### 

Inhibition percentage of histamine release in rat basophilic leukemia cells by free cetirizine, the cetirizine nanocomposite (CETN), zinc-layered hydroxide (ZLH), and cetirizine intercalated into CETN

  Concentration (ng/mL)   Inhibition (%)                 
  ----------------------- ---------------- ------ ------ ------
  1000                    80.0             22.5   83.8   --
  500                     73.7             16.2   77.3   67.6
  250                     58.1             15.3   66.5   62.0
  125                     50.2             4.0    57.2   62.5
  62.5                    29.0             1.2    40.8   56.0
  31.25                   19.3             0.6    30.6   40.2
  15.63                   8.5              −1.1   11.7   31.7

**Note:**

Inhibition (%) by intercalated cetirizine into CETN = (inhibition by CETN at 1000 ng/mL -- inhibition by ZLH at 500 ng/mL), because the loading of cetirizine into CETN is 49.4%.
